Abstract. Microstructural instability involving the formation of topologically close-packed (TCP) phases is restricted during the alloy development of Ni-based single crystal superalloys. In this study, the effects of alloying elements including Co, Cr, Mo and Ru on the formation of different TCP phases were investigated in a series of single crystal superalloys. Experimental results showed that more additions of Cr and Mo promoted the TCP phase formation, while Co and Ru played a positive role in improving microstructural stability. It is indicated that σ , P and R phases existed with various morphology and compositions in different experimental alloys during thermal exposure at 1100
Introduction
Ni-based single crystal superalloys with superior mechanical properties at high temperature are widely used for turbine blades in aircraft engines. Micro-structural instability, especially the precipitation of topologically close packed (TCP) phases, should be avoided during alloy development [1] . Many studies indicate that TCP phases, such as σ , µ, P and R phases, are detrimental to mechanical properties, since their hard and brittle nature causes damage accumulation or cracking and their formation depletes the strengthening elements of the γ matrix [2, 3] .
The precipitation behavior (morphology, composition and kinetics) of different types of TCP phases is influenced by different alloying additions in commercial Ni-based superalloys, which usually contain a combination of five to ten other elements up to 40 wt.% besides Ni [4] . Refractory alloying elements with large differences in electronic structure and atomic radii compared to Ni, such as Mo, W and especially Re, are added for significant solid solution strengthening of the γ matrix in superalloys [4] . Moreover, as one of indispensable alloying elements, Cr is beneficial to hot corrosion and oxidation resistance and also an effective solid solution strengthening element [5] . However, the excessive additions of above mentioned elements were reported to promote the TCP phase formation in Nia Corresponding author: qfeng@skl.ustb.edu.cn based superalloys [4] [5] [6] . As an effective suppressor of TCP phases, Ru was added into the fourth generation single crystal superalloys to improve the microstructural stability and creep properties [7] [8] [9] . However, the mechanism is not quite clear yet, and more Ru additions increase the cost of new generation single crystal superalloys. Furthermore, Co additions were found to prevent the formation of TCP phases in some superalloys [8, [10] [11] [12] , although there has been still controversy associated with the effect of Co additions on microstructural stability [13, 14] .
Alloying effects on microstructural stability, creep capability, environmental resistance and economic cost should be balanced for further alloy development. Although the excessive additons of Cr and Mo could induce a negative effect on microstructural stability, their additions benefit the improvement of creep properties [15, 16] . Therefore, it is worthy to evaluate the effects of Cr and Mo additions and maximize their capacity to increase the creep resistance. This will provide the possibility to decrease the level of Re additions, which increases the density and cost of advanced single crystal superalloys and limits their practical application. Since Co was considered to be a potential microstructural stabilizer in previous studies [8, 17, 18] , the role of Co additions in advanced single crystal superalloys should be assessed to investigate whether it is applicable to add more Co as a substitute for a part of expensive Ru to achieve acceptable alloy stability. Consequently, on the basis of balancing the individual elemental effects, a series of single crystal superalloys containing different levels of Co, Cr, Mo and Ru additions were designed in this study. An understanding of the individual and synergetic effects of four alloying elements on the formation of TCP phases was acquired through the current work. The information about TCP phase formation in Ru-containing superalloys is helpful to design alloys with better microstructural stability and complement the thermodynamic modelling database.
MATEC Web of Conferences

Experimental
The measured chemical compositions of experimental alloys are listed in Table 1 . Four elements (Co, Cr, Mo and Ru) were assigned in two levels of contents: low and high (Co: 7.0 wt.% and 15.0 wt.%; Cr: 3.5 wt.% and 6.0 wt.%; Mo: 1.0 wt.% and 2.5 wt.%; Ru: 2.5 wt.% and 4.0 wt.%). These alloys were named as SC plus four numbers, which in turn represented the level of Co, Cr, Mo and Ru additions ("1" and "2" denoting the low and high level of individual elements, respectively). It should be noted that the compositional feature of eight alloys SC2111 ∼ SC1222 is in accordance with the factorial design and then it is applicable to employ associated analysis methods. These experimental alloys were directionally solidified as single crystal bars with the growth orientation 001 (15 mm in diameter and 150 mm in length) at the Beijing Institute of Aeronautical Materials. The cast experimental alloys were solution heat treated at high temperature in the range of 1300
• C ∼ 1335
• C for 8 ∼ 16 h, and then aged at 1150
• C for 4 h and at 870
• C for 24 h. Following such standard heat treatments, thermal exposure at 1100
• C for different times was performed in order to investigate the alloying effect on the TCP phase formation in these Rucontaining Ni-based single crystal superalloys.
The cross-sectional microstructures perpendicular to the growth orientation of single crystal bars were prepared by the standard metallographic procedure. The TCP precipitates in alloys exposed at 1100
• C for 500 h were separated through the electrolytic phase extraction method in a solution of 9:1 Methanol:HCl + 1 wt.% tartaric acid with a current density of 0.04 A/cm 2 , using a stainless steel sheet as a cathode. Microstructural examination was performed using a ZEISS SUPRA 55 field-emission scanning electron microscope (FE-SEM) with an equipped energy-dispersive spectroscope (EDS). Five images taken in the SEM-BSE mode were used for determining the Table 2 . Volume fraction of TCP precipitates in dendrite cores of experimental alloys after thermal exposure at 1100
• C for different times (%). Main effect plots generated by using the volume fractions of TCP precipitates in dendrite cores of alloys SC2111 ∼ SC1222 after thermal exposure at 1100
• C for 500 h.
volume fraction of TCP precipitates in each sample through counting the area ratio of TCP phases by using ImagePro Plus software. In order to identify TCP phases, X-ray diffraction (XRD) patterns were obtained from the electrolytic phase extracted residues by Rigaku D/max-RB12 diffractometer with Cu Kα radiation. TEM analyses of the TCP extraction were also carried out to confirm the type of TCP phases in each alloy through selected area electron diffraction patterns using a Tecnai F30 transmission electron microscope. Electrolytic phase extraction procedure was employed on the alloys after the standard heat treatments to separate the γ phase. The compositions of γ and γ phases were obtained through chemical analyses on the residual liquor and residue, respectively. The partitioning ratios of alloying elements between γ and γ phase, k i , were calculated through the equation k i = c i γ /c i γ , k i greater or less than unity means that the element i partitions to γ or γ phase. Table 2 shows the volume fraction of TCP precipitates in dendrite cores of experimental alloys after thermal exposure at 1100
Results
The formation of TCP phases
• C for time in the range of 10 h to 500 h. It is indicated that these experimental alloys have different tendencies to form TCP phases due to different levels of Co, Cr, Mo and Ru additions. Compared with alloy SC1111, the fact regarding the volume fractions of TCP precipitates in alloys SC1211 and SC1121 indicates that high Cr and Mo contents strongly promoted the TCP phase formation. The further statistical analyses were carried out by using MINITAB software, which generated the plots of main effects to assess the influence of individual elements within alloys SC2111 ∼ SC1222. Figure 1 demonstrates the main effects of four elements generated by using the volume fractions of TCP precipitates in dendrite cores of these eight alloys after thermal exposure at 1100
• C for 500 h. The negative effect of Cr and Mo additions on microstructural stability was again confirmed. In addition, it is indicated that high level of Co and Ru additions decreased the formation of TCP precipitates.
The two-dimensional and three-dimensional morphologies of TCP precipitates in six experimental alloys after thermal exposure at 1100
• C for 500 h are shown in Fig. 2 . For alloys SC1211, SC1121 and SC1222, most of TCP precipitates exhibited a needle-like shape in twodimension, as exhibited in those inserted images at the upper left of Figs. 2a, 2b and 2f. Furthermore, TCP precipitates in alloys SC1211 and SC1222 (Figs. 2a and  2f ) appeared to be smooth sheets in three-dimension, which were taken from the phase extracted residues in the matrix. But TCP precipitates in alloy SC1121 showed the sheet morphology with the basket weave in threedimension (Fig. 2b) . As shown in Figs. 2c, 2d and 2e, TCP precipitates in three alloys SC2221, SC2212 and SC2122 primarily appeared to be broadsword-like, and some of them were shown to be short rod-like and needlelike. XRD analyses of the extracted residues in alloys after thermal exposure at 1100
• C for 500 h identified TCP precipitates with different morphologies as different types of TCP phases. Strong peaks of the matrix were observed in all spectra of Figs. 3a-c, suggesting that the extracted TCP precipitates were contaminated by a varying amount of the matrix during the electrolytic phase extraction procedure. A number of peak locations of σ phase (Fig. 3a) showed the considerable correspondence with the TCP precipitates in alloys SC1211 and SC1222. P phase was found to be the best-fitting TCP phase in alloy SC1121 (Fig. 3b) , while R phase matched to the majority of diffraction peak locations obtained from the samples of alloys SC2221, SC2212 and SC2122 (Fig. 3c) . Figure 4 shows the selected area electron diffraction patterns of σ , P and R phases obtained on the extracted phase residues of alloys SC1211, SC1121 and SC2212. These TEM analyses confirmed the different TCP phases existing in these experimental alloys. Figure 5 presents the compositional features of different TCP phases, which were obtained through SEM-EDS analyses on the extracted residues of TCP phases in these experimental alloys after thermal exposure at 1100
• C for 500 h. Figures 5a and 5b show that TCP precipitates (mainly σ phase) in alloys SC1211 and SC1222 as well as TCP precipitates (mainly P phase) in alloy SC1121 contained lower Co concentration, while the Co content of the TCP precipitates (mainly R phase) in alloys SC2221, SC2212 and SC2122 was higher (Fig. 5c) . The contents of Cr and Mo were approximate in P phase (Fig. 5b) , but the ratio of Cr and Mo concentrations was relatively higher in σ phase (Fig. 5a ). The slight difference in the Ru content of TCP phases in six experimental alloys was observed in Figs. 5a-c. In addition, Re concentration of σ phase in alloys SC1211 and SC1222 (Fig. 5a ) was observed to be higher than in other TCP phases (Figs. 5b and 5c ). In fact, the overall compositions of 01002-p.3 experimental alloys with different levels of Co, Cr, Mo and Ru additions influenced the compositional features of those TCP phases in each alloy. Therefore, it is suggested that the content of Co, Cr and Mo affected the types of TCP phases significantly, while Ru addition showed a negligible effect. R phase was prone to form in alloys containing high level of Co addition (Co concentration in alloys SC2221, SC2212 and SC2122 was at the high level, ∼ 15.0 wt.%). Meanwhile, the ratio of Cr and Mo contents (Cr/Mo) had strong influence on the formation of σ and P phases in alloys containing low level of Co addition (Co concentration in alloys SC1211, SC1222 and SC1121 was at the low level, ∼ 7.0 wt.%). The Cr/Mo ratios in atomic percent in alloys SC1211 and SC1222 with σ phase formation were 12.23 and 4.93, higher than that in alloy SC1121 (2.68) with P phase formation.
Elemental partitioning ratios between γ and γ phases
Similar to the elemental partitioning behavior in the majority of Ni-based single crystal superalloys, chemical analyses of γ and γ phases showed that Al and Ta partitioned into the γ phase, while Cr, Mo, Re and Ru enriched the γ phase. Additionally, it should be mentioned that the partitioning ratio of W between γ and γ phases was slightly less than or near to unity in these experimental alloys, which could be attributed to the presence of Re and Ru. Additions of Co, Cr, Mo and Ru influenced the partitioning behaviors of themselves and other alloying elements. Figure 6 exhibits the main effects of these four elements on the partitioning ratios of TCP-forming elements (Cr, Mo, Re and W). It is indicated that more Co and Ru additions decreased the partitioning ratios of Cr, Mo, Re and W to different degrees, while increasing Cr and Mo contents induced the opposite effect.
Discussion
The average electron vacancy concentration (N ν ) assigned by considering the electron vacancy number of each element is usually used to predict the formation of TCP phases, since TCP phases are considered as electron compounds [19, 20] . Alloys are considered to be TCPprone if their N ν values are above an empirically determined value (N νc ), which varies much in different Nibased superalloy systems. N ν values of these investigated single crystal superalloys in this study were calculated according to the AS5491C standard [21] (as listed in Table 1 ). Experimental results (Tables 1 and 2 ) indicated that the alloys with the N ν value higher than 2.0 had stronger tendency to form TCP phases during the thermal exposure process. However, the volume fraction of TCP precipitates in alloy SC2111 with the N ν value 2.28 was nearly zero even after thermal exposure at 1100
• C for 500 h. Based on the overall composition of alloy SC2111 and the contribution of individual alloying element to the N ν value, it is considered that high level of Co additions caused the relatively higher N ν value in alloy SC2111. In general, decreasing the level of Co additions in Ni-based superalloys should have a beneficial effect on microstructural stability, since the electron vacancy 01002-p.4 number of Co (1.61) is higher than that of Ni (0.66) [13] . Bürgel's study on directionally solidified superalloys showed that Co-free alloy had comparatively more stable microstructure with respect to TCP phase formation than the similar alloy containing 4 wt.% Co [13] . Erickson claimed that lower Co concentrations in a third generation single crystal superalloy CMSX-10 led to the attainment of acceptable alloy stability [14] . However, Co additions were found to prevent the formation of σ phase and µ phase in superalloy MAR-M421 [10] and single crystal superalloy MAR-M247 [11] , respectively. Moreover, Walston et al.
suggested that high levels of Co additions could induce the reverse partitioning of alloying elements and then improve the resistance to TCP phase formation in a fourth generation single crystal superalloy [8] . Rae's study suggested that Co suppressed the nucleation of the σ phase by altering the γ lattice parameter, which was attributed to the redistribution of elements between γ and γ phases [6] . Wang's work on a series of single crystal superalloys also demonstrated that TCP phase formation was suppressed by promoting the diffusion process due to more Co additions [12] . In the current study, higher Co addition was showed to be beneficial for the suppression of TCP phase formation, which was attributed to its influence on the elemental partitioning behavior of the TCP-forming elements such as Re, Cr, Mo and W (Fig. 6 ).
Since the thermodynamic driving force for TCP phases formation results from the solute supersaturation of γ matrix, the elemental partitioning between γ and γ phases, especially refractory alloying elements such as Re, Mo and W as well as Cr, has strong influence on the formation of TCP phases. It was early reported that Ru additions induced the reverse partitioning behavior of alloying elements between the γ and γ phases and then suppressed the formation of TCP phases [7] . However, later studies provided contradictory results about the effect of Ru additions on the elemental partitioning behavior [8, 15, 22, 23] . In the current study, increasing Ru addition from ∼ 2.5 wt.% to ∼ 4.0 wt.% decreased the partitioning ratio of those TCP-forming elements to different degrees (Fig. 6) . And more Co additions play the similar role with Ru. This contributed to their suppressive effect on the TCP phase formation. However, increasing Cr and Mo contents increased the partitioning ratios of the TCPforming elements (Fig. 6 ). In addition, Cr and Mo were considered as the TCP-forming elements. Accordingly, the TCP phase formation was promoted by more Cr and Mo additions.
There are limited reports about the effect of alloying additions on the type of TCP phases. Hobb's work suggested that Ru additions affected the compositions of TCP and γ phases as well as their lattice parameters, but no change was observed in the type of TCP phases and the crystallographic orientation relationships between TCP precipitates and matrix [24] . Rae's study reported that increasing the ratio between Mo and W contents stabilized P phase and increasing Cr and Re additions stabilized σ phase [6] . Karunaratne et al claimed that Cr/Mo ratio was a good way for distinguishing between various TCP phases, but the calculated values were not in complete agreement with their experimental results [25] . In the current study, the Re concentration in the σ phase was higher than those of P and R phases, while Ru concentration was similar in three TCP phases (Fig. 5) . The content of Co, Cr and Mo in experimental alloys affected the type of TCP phases significantly. R phase was prone to form in alloys containing high level of Co addition. σ and P phases were found in alloys containing low level of Co addition. Meanwhile, the ratio of Cr and Mo contents had strong influence on the formation of σ and P phases. The σ phase 01002-p.5 MATEC Web of Conferences existed in alloys with higher Cr/Mo ratio in comparison with the formation of P phase.
Conclusions
Microstructural instability involving the formation of TCP phases was investigated in a series of single crystal superalloys containing different levels of Co, Cr, Mo and Ru additions in this study. The following conclusions can be drawn:
(1) TCP phases existed with various morphologies and compositions in different experimental alloys during the thermal exposure at 1100
• C. More additions of Cr and Mo promoted the TCP phase formation, while Co and Ru had a positive effect on microstructural stability. (2) Co and Ru additions decreased the partitioning ratios of Re, Cr, Mo and W to different degrees, while increasing Cr and Mo contents induced the opposite effect. Effects of these four alloying additions on the elemental partitioning behavior between γ and γ phases contributed to their corresponding influence on TCP phase formation. (3) The contents of Co, Cr and Mo in these alloys affected the types of TCP phases significantly, while Ru additions showed a negligible effect. Alloys containing high level of Co addition had a tendency to R phase formation after thermal exposure at 1100 • C. Meanwhile, the formation of σ and P phases were prone to form in alloys containing low level of Co addition. σ phase existed in alloys with higher Cr/Mo ratio in comparison with the formation of P phase.
